An assessment is made of the global energy and hydrological cycles from eight current atmospheric reanalyses and their depiction of changes over time. A brief evaluation of the water and energy cycles in the latest version of the NCAR climate model referred to as CCSM4 is also given. The focus is on the mean ocean, land, and global precipitation P; the corresponding evaporation E; their difference corresponding to the surface freshwater flux E-P; and the vertically integrated atmospheric moisture transports. Using the modelbased P and E, the time-and area-average E-P for the oceans, P-E for land, and the moisture transport from ocean to land should all be identical but are not close in most reanalyses, and often differ significantly from observational estimates of the surface return flow based on net river discharge into the oceans. Their differences reveal outstanding issues with atmospheric models and their biases, which are manifested as analysis increments in the reanalyses. The NCAR CCSM4, along with most reanalysis models, the exception being MERRA, has too-intense water cycling (P and E) over the ocean although ocean-to-land transports are very close to observed. Precipitation from reanalyses that assimilate moisture from satellite observations exhibits large changes identified with the changes in the observing system, as new and improved temperature and water vapor channels are assimilated and, while P improves after about 2002, E-P does not. Discrepancies among hydrological cycle components arise from analysis increments that can add or subtract moisture. The large-scale moisture budget divergences are more stable in time and similar across reanalyses than modelbased estimates of E-P. Results are consistent with the view that recycling of moisture is too large in most models and the lifetime of moisture is too short. For the energy cycle, most reanalyses have spurious imbalances of ;10 W m 22 within the atmosphere, and ;5-10 W m 22 in net fluxes into the surface and to space. Major improvements are needed in model treatment and assimilation of moisture, and surface fluxes from reanalyses should only be used with great caution.
Introduction
The strength of the hydrological cycle and its changes over time are of considerable interest, especially as the climate changes. The essence of the overall hydrological cycle is the evaporation of moisture in one place and the precipitation in other places. In particular, evaporation exceeds precipitation over the oceans, which allows moisture to be transported by the atmosphere onto land where precipitation exceeds evapotranspiration, and the runoff flows into streams and rivers and discharges into the ocean, completing the cycle. Changes in moisture storage on land can be significant in the short term, especially in winter in the form of snow, but changes in atmospheric storage are fairly small. Trenberth et al. (2007b, hereafter T07) provided a synthesis of the understanding of the global hydrological cycle and its annual cycle, both globally and for continents.
The global energy cycle is also of considerable interest as it fundamentally changes with increasing greenhouse gases, changes in aerosols, and associated feedbacks. The water cycle is a key part of the energy cycle through the evaporative cooling at the surface and latent heating of the atmosphere, as atmospheric systems play a primary role in moving heat upward. The constraints in the energy budgets at the TOA (all acronyms used in this paper are defined in the appendix), at the surface, and for the atmosphere itself can be used to provide a commentary on accuracy of observational estimates, as in Trenberth et al. (2009) . For instance, changes in atmospheric storage of energy are limited and the TOA and surface imbalances are therefore very similar, with most of the energy going into or out of the oceans in the form of heat (Trenberth 2009 ).
The atmospheric conservation of moisture equation when vertically integrated in flux form is ›w ›t 1 $ Á 1 g ð p s 0 vq dp 5 E 2 P,
where q is the specific humidity, w 5 g 21 Ð p s 0 q dp is the precipitable water (total column water vapor), E is the surface evaporation, and P is the net surface precipitation rate. In addition to water vapor, atmospheric liquid water and ice components are also included, although these are mostly small. The whole equation can be expressed also in terms of energy by multiplying by L, the latent heat of vaporization. Frequently the term Q 2 5 L(P 2 E) is referred to as the apparent latent heating arising from the apparent moistening. The use of ''apparent'' is because it includes the small-scale unresolved eddy effects. Because the tendency term is small, the primary balance is thus between the freshwater flux E 2 P and the moisture divergence.
There have been many estimates of the various components that enter into the hydrological cycle and, in practical applications of Eq. (1), an error term must be considered. Estimates of both E and P separately have considerable uncertainty whether they come from analysis of in situ data, satellite data, hybrid merged products, or comprehensive reanalysis products. Datasets based on the largest global database of river gauge data and a river-routing model provide estimates of the global runoff and discharge of freshwater into the oceans (Dai and Trenberth 2002) , and its variability over time from 1948 to 2006 ; see also Trenberth and Dai 2007) . Other recent estimates of moisture transports and the overall freshwater discharge from the land to oceans come from Syed et al. (2009 Syed et al. ( , 2010 who used gravity measurements from GRACE to provide better estimates of changes in water storage to complement estimates of E 2 P from two atmospheric reanalyses (which we show here are deficient) or other datasets discussed in section 2. The other component is the atmospheric moisture transport, which can be assessed at individual radiosonde stations (e.g., Rosen and Omolayo 1981) , or through atmospheric analyses. van der Ent et al. (2010) provide new estimates of the movement of atmospheric moisture and how much is recycled in various regions. A brief review of some of the datasets is provided in section 2, although we rely on the synthesis performed by T07 as a basis for some of the comparisons here.
The focus of this paper is assessing the capabilities of recent modern atmospheric reanalyses based on fourdimensional data assimilation to provide reliable estimates of the vertically integrated moisture transports and other components of the hydrological cycle. As a complementary component, an assessment is also made of the global mean energy budget and flows of energy through the climate system in reanalyses, and how they compare with the observationally based assessment of Trenberth et al. (2009) . The ability of radiosondes to measure water vapor accurately has improved over time ), but spatial gaps and missing data are always an issue. Accordingly, reanalyses provide a synthesis of all available data and can bias correct for errors in radiosondes. Indeed, tremendous strides have been made in the ability to measure atmospheric moisture from satellites so that moisture fields have greatly improved in reanalyses, especially over the ocean. These fields have also been helped by the assimilation of radiances directly. Nonetheless, there are continual changes over time in the observations that lead to large spurious apparent changes in the fields and affect the hydrological cycle in the assimilating models.
Moreover, the moisture budget is generally not closed in reanalyses owing to the analysis increment arising from errors in the state variable fields and observational uncertainties, and also a very small term that represents a negative filling to ensure that values of q and w are positive definite. Effectively another term exists on the righthand side of Eq. (1) in the reanalysis moisture budget (e.g., Bosilovich et al. 2011) . A step forward in recent reanalyses is the use of either a four-dimensional data assimilation system for ERA-I (e.g., Simmons et al. 2010) , or an incremental analysis update technique for MERRA (Bloom et al. 1996) , both of which allow the analyzed fields to evolve smoothly in time instead of with jumps at times of analyses, and this has a major advantage of largely eliminating the spinup problem of the hydrological cycle. Accordingly, we will focus on these two reanalyses in the moisture budgets assessed here. Nonetheless, in spite of major advances in bias corrections for changes in the observing system over time (Dee and Uppala 2009) , there have been substantial changes in observations, noted below, that affect the quality of the atmospheric analyses of temperature and water vapor quantities.
Of particular note are the introduction of the SSM/I observations in mid-1987, the advances made in going from TOVS to ATOVS, along with the AMSU-B water vapor channels from late 1998 (NOAA-15 replaced NOAA-12) to 2001 (NOAA-16 replaced NOAA-14 on 20 March), the AIRS observations in about late 2002, and the GPS RO measurements from about 2002 on, increasing in volume after COSMIC was launched in April 2006.
The capabilities of new modern atmospheric reanalyses, summarized by Trenberth et al. (2011) , to deal with moisture fluxes and global energy are assessed here. In particular, it is possible to use the E and P from reanalyses to derive 1) a value of E 2 P over the ocean, 2) a value of P 2 E over land, and also to use the analyses to estimate 3) a value for the transport of atmospheric moisture from ocean to land. Another independent estimate (from Dai and Trenberth 2002; Dai et al. 2009 ) is 4) the value of the return flow in rivers and at the surface. Ideally these four estimates are identical for averages (where the storage tendency is small) but, in practice, they are not. In reanalyses, differences among the first three estimates arise from the analysis increment, which precludes reanalyses from satisfying physical closure constraints in either the energy or water cycles, and indeed they are not satisfied. Moreover, specified sea surface temperatures (SST) in the reanalyses provide an ''ocean'' that has infinite heat and water capacity to take up or provide energy or water to the atmosphere. The degree to which the reanalyses satisfy the physical constraints and the extent of the imbalances provides a useful commentary on the quality and usability of the reanalyses for many purposes.
Section 2 discusses the observational datasets that provide information for evaluating the reanalyses. Section 3 introduces the current atmospheric reanalyses. The watercycle-related quantities are addressed in section 4 and the energy cycle in section 5. A brief analysis of the NCAR CCSM4 is given from these perspectives in section 6 both to highlight the values in a state-of-the-art climate model and to illustrate the difference of working in a closed system that conserves water and energy, as opposed to the reanalyses that do not.
Estimates of hydrological cycle components

a. Precipitation
The lack of ground-based measurements of precipitation has meant that most estimates are based on various algorithms applied to satellite data, perhaps merged into synthesized products such as the GPCP (Adler et al. 2003; Huffman et al. 2009 ) and the CMAP (Xie and Arkin 1997) . Comparisons of these datasets and others (Adler et al. 2001; Yin et al. 2004; Smith et al. 2008 ) reveal large discrepancies over the ocean; and over the tropical oceans mean amounts in CMAP and GPCP differ by 10%-15%. As noted by Trenberth et al. (2007a) , calibration using observed rainfall from small atolls in CMAP was extended throughout the tropics in ways that are now recognized as incorrect, while GPCP is biased low by 16% at such atolls (Adler et al. 2003) . The temporal sampling limitations from two instantaneous precipitation rates per day from polar orbiters are offset by geostationary satellites, but with less-accurate infrared sensors.
Some advances occurred with the TRMM satellite mission, which allowed comparison of various measurement techniques such as TRMM precipitation radar and passive TMI. However, Robertson et al. (2003) documented poorly correlated behavior (correlation 0.12) between the monthly, tropical ocean-averaged precipitation anomalies from the PR and TMI sensors. The TRMM PR has uncertainties resulting from microphysical and beam-filling assumptions.
A comprehensive summary of observed changes in precipitation is given in the IPCC Fourth Assessment (Trenberth et al. 2007a) , and updated in Trenberth (2011) . Schlosser and Houser (2007) and Wentz et al. (2007) provided estimates of precipitation and their trends. However, the precipitation and evaporation estimates of Schlosser and Houser (2007) are out of balance and reveal likely spurious changes over time associated with changes in satellites. Gu et al. (2007) documented global and tropical rainfall changes using the GPCP and found near-zero global changes but with large variability and changes over land that are largely compensated for by opposite changes over the oceans. This is especially the case for El Niñ o events (Trenberth and Dai 2007 ). An update of the Gu et al. analysis (also Huffman et al. 2009 ) confirms that there are no significant trends since 1979. This is in marked contrast to Wentz et al. (2007) who found a significant upward trend from 1987 to 2006, but that result depended critically on the time period and the dataset used.
The precipitation fields in atmospheric reanalyses leave much to be desired (Trenberth and Guillemot 1998; T07; Bosilovich et al. 2008 ) but in the high-latitude extratropics, where remote sensing is much less reliable, studies have shown that the oceanic satellite estimates are less accurate when compared with reanalysis data and a new precipitation dataset called MSAP tries to take advantage of this .
The assessment by T07 examined only the precipitation datasets, while Trenberth et al. (2009) for GPCP was increased by 5% to 2.76 mm day 21 for the 2000-04 period. The monthly temporal variability (95%) from GPCP is 60.6%, while the structural uncertainty is more like 65%.
b. Evaporation
Despite the substantial uncertainties in precipitation, even greater uncertainties lie in the estimates of evaporation because it is seldom measured, and instead is estimated from bulk flux formulas. While patterns and general amounts are not unreasonable, systematic biases are substantial. Satellite-based products involve extra uncertainties because the surface variables required for a bulk flux formulation have to be estimated from finite layer values of moisture and temperature, and they also suffer from biases, which can change substantially over time as satellite instruments change (Schlosser and Houser 2007) . The HOAPS, based on SSM/I data, provides turbulent fluxes, and the latest HOAPS-3 update (see online at http://www.hoaps.zmaw.de/) covers the period from 1987. Daily and monthly products of latent heat fluxes at 18 resolution provided by the GSSTF data (Chou et al. 2003 (Chou et al. , 2004 have been updated in 2010.
Surface fluxes from in situ data have typically exhibited large systematic biases as seen when integrated over the global ocean. The NOC1.1 climatology (Josey et al. 1999) in which observational metadata were employed to correct individual observations featured an imbalance of the net surface flux over the oceans with an underestimation of the ocean heat loss of ;30 W m
22
. A subsequently improved product (NOC1.1a) made adjustments to achieve closure of the global budget to within 2 W m 22 (Grist and Josey 2003) ; however, this approach has its own problems as the adjusted fluxes no longer showed agreement with some research buoy measurements, indicating that the adjustments lacked correct spatial structure. A new version of the climatology (Berry and Kent 2009, 2011) , termed NOC2.0, provides for error estimates for all of the basic meteorological and derived flux fields using optimal interpolation of daily estimates of ship data and spans the period 1973-2006.
The OAFlux product (Yu and Weller 2007) has been produced by combining several reanalysis (R1, R2, and ERA-40) and satellite datasets using a variational approach with monthly fields beginning in 1958, although the data input for blending before 1985 consisted only of reanalysis variables. Subsequent evaluation revealed good agreement with in situ buoy data. The Large and Yeager (2009) hybrid flux dataset has gone through several versions. From an energy-budget closure evaluation ) standpoint, the calibrated OAFlux product appeared to be best of those available for evaporation, although the validity of trends is in question.
Over land, the evapotranspiration (ET) estimates also suffer from difficulties although there are now over 250 flux towers with point measurements that have been used to tune estimates, such as from Jung et al. (2010) . They find ET to be 65 3 10 3 km 3 yr 21 from 1982 to 2008, similar to previous estimates summarized by Oki and Kanae (2006) of 65.5 3 10 3 km 3 yr
21
.
c. Observational estimates used
T07 presented estimates of the mean annual cycle of the atmospheric hydrological cycle based on 1979-2000 data from multiple sources. These include monthly estimates of P, E, atmospheric moisture convergence over land, and changes in atmospheric storage, for the major continental landmasses, zonal means over land, hemispheric land means, and global land means. A new annual mean global hydrological cycle was presented and will be the main basis for evaluating the reanalysis results, as modified below to apply to the 2000s. giving an uncertainty in a decade mean of about 60.6 3 10 3 km 3 yr 21 (2 standard errors). However the structural uncertainty is likely much larger, perhaps 10%.
For the global hydrological cycle (in Fig. 9 ) presented below, the values from T07 for 1979-2000 are used as background values but modified to apply to the 2002-08 period and take newer datasets into account. The GPCP version 2.1 gives values of global P of 2.67 mm day 21 for the 1990s and 2.68 mm day 21 for 2002-08, slightly higher than the values used in T07 (see Huffman et al. 2009 . This is much larger than the recent values by Jung et al. (2010) , but the latter do not account for wetlands, inland lakes or seas, and the like, and their value of 65 3 10 3 km 3 yr 21 is not viable in the global context. For the global energy cycle (in Fig. 10 
Atmospheric reanalyses
Atmospheric reanalyses have been produced by the major meteorological centers [NCEP (NOAA), ECMWF, JMA, and NASA]. Several new reanalyses have recently become available, and those currently ongoing are given in Table 1 along with ERA-40, with the resolution and dates covered.
a. Early-generation reanalyses
The first generation of atmospheric reanalyses in the mid-to late 1990s at NCEP (Kalnay et al. 1996) called NCEP-NCAR, or R1, had substantial problems that limit their use, particularly for global climate change and variability studies. A second limited version of the NCEP reanalysis (called NCEP-DOE or R2) was run to address some problems (Kanamitsu et al. 2002) but is still a first-generation reanalysis.
An earlier analysis of moisture transports used the R1 reanalyses (Trenberth and Guillemot 1998) and their extension to current times. The first-generation NCEP reanalyses did not use SSM/I data or water vapor channels and, hence, had no information on moisture over the oceans. The result is that the ocean moisture fields are largely model values that are severely deficient in spatial and temporal variability and lead to transports onshore that are mostly too low (Trenberth et al. 2005 ). The NCEP model moisture budget was shown not to balance (this is associated with the increments in the assimilation), as is true of reanalyses generally. Jiang et al. (2005) noted problems with earlier reanalysis surface fields and surface fluxes.
Two second-generation global reanalyses, the ERA-40 (Uppala et al. 2005 ) and the JMA 25-yr reanalysis (JRA-25) (Onogi et al. 2007) , addressed some of the shortcomings of the earlier reanalyses, but many of the problems tied to observing system changes and model deficiencies remain. Trenberth et al. (2005) evaluated precipitable water from NCEP reanalyses, ERA-40, and SSM/I, and identified spurious variability in all reanalyses, with only SSM/I providing reliable trends over the ocean. Other evaluations of NCEP reanalyses by Smith et al. (2001) and Sturaro (2003) , and ERA by Sterl (2004) highlight problems in continuity and quality. T07 computed the monthly vertically integrated atmospheric water and energy components, the transports, and their divergences and generated the diabatic heating and E 2 P from the moisture budget. Substantial problems were again revealed in the ERA-40. Trenberth et al. (2011) provide other examples of problems in quality and homogeneity of the basic observations, bias corrections, spurious trends and variability, spinup of the hydrological cycle, and problematic surface flux and stratospheric fields.
b. Current reanalyses
A new reanalysis of the atmosphere, ocean, sea ice and land over 1979-2009 has been produced by NCEP under a project referred to CFSR (Saha et al. 2010 ). There are three main differences from R1 and R2: 1) much higher horizontal and vertical resolution [T382L64 (about 35 km) vs T62L28] with sigma-pressure hybrid levels; 2) the guess forecast is generated from a coupled atmosphere-ocean-sea ice-land system; and 3) radiance measurements from the historical satellites are assimilated. The oceanic reanalysis has the first guess provided by CFS. It has 40 levels in the vertical to a depth of 4737 km, and a high horizontal resolution of 0.258 in the tropics, tapering to a global resolution of 0.58 poleward of 108N/S. Because the archive available is on 37 pressure levels, vertical integrals contain noise from the inaccurate lower-layer treatment (Trenberth et al. 2002) . Also we have discovered a number of problems in the CFSR reanalyses and, for the computations given here, the problem days were simply excluded. (Simmons et al. 2007; Dee et al. 2011) . Relative to the ERA-40 system, ERA-I incorporates many important model improvements such as resolution and physics changes, the use of four-dimensional variational (4D-Var) data assimilation, and various other changes in the analysis methodology. MERRA (Bosilovich et al. 2006; is a new reanalysis from NASA Goddard from 1979 to the present based on a new version of the data assimilation system (GEOS-5) and the NCEP unified gridpoint statistical interpolation analysis scheme. The model resolution of MERRA is 0.6678 longitude by 0.58 latitude with 72 levels extending to a pressure of 0.01 hPa. MERRA provides various quantities that are used to calculate E 2 P as well as moisture transport, without going through the mass-correcting procedure that is necessary in the other reanalyses, and is possible because MERRA uses the incremental analysis update procedure that evolves the fields smoothly.
A different kind of reanalysis, the C20r for the entire twentieth century and beyond, based on specified SSTs and analysis of surface or sea level pressures has been performed with the ensemble Kalman filter (Compo et al. 2011) , using a recent data assimilation system. Because data are assimilated only at the surface, the atmospheric increments affect the free atmosphere indirectly in this reanalysis. The full moisture budget has not (yet) been computed for R2, CFSR, and C20r. Bosilovich et al. (2011) have also carried out a comprehensive evaluation of the current reanalyses in parallel with a focus on MERRA and the global energy and water cycles.
The hydrological cycle
a. Precipitation, atmospheric moisture, and freshwater transport
As a result of the changes in the observing system, noted above, the precipitation produced in reanalyses is not stationary and exhibits large spurious trends. An example is given in Fig. 1 of the MERRA and ERA-I precipitation compared with estimates from GPCP, version 2.1. The GPCP values are quite stable and have no significant trends, with the main variations corresponding to El Niñ o fluctuations (Gu et al. 2007; Huffman et al. 2009 ). Over land the strong annual cycle is evident and values are closely matched by ERA-I, although the latter are slightly higher in the 1990s. MERRA land values are biased low until about 2001 after which they match the observations quite well. Over the ocean, large spurious trends (;10% decade There is no obvious relationship among the three sets of values over the ocean. Consequently, in the global mean there are also trends in MERRA, and values appear to be more stable after 2001 in both sets of fields. The values after 2001 are also more compatible with our adjusted GPCP values (increased by 5.7% over the ocean) and with estimates of river discharge.
FIG. 1. Time series of (a) global, (b) ocean, and (c) land precipitation (mm day
21
) from MERRA (red), ERA-I (blue), and GPCP (black).
Maps of the mean precipitation for January and July from 2002 to 2008 for GPCP, MERRA, and ERA-I (Fig. 2) show strong similarities, with the climatological convergence zones and monsoon rains well represented. Differences are most apparent in July, and MERRA appears to be deficient in the mei-yu-baiu rains east of Japan. In general the quality of the reanalyses is high, and much higher than in older reanalyses. Nevertheless, there are important differences with observations including in wellobserved areas, such as central North America in summer. Large errors occur in central Africa in MERRA in July (discussed below) and substantial differences are evident in the southern Amazon in January between GPCP and both MERRA and ERA-I (see also Fig. 7 below) .
A key component of the precipitation is the moisture field, and Fig. 3 presents the total atmospheric column water as the vertical integral for MERRA, ERA-I, and their differences for 2002-08. The precipitable water is the dominant component of this field. It reveals quite large systematic differences between the two reanalyses, with higher precipitable water over the ocean in MERRA but lower amounts in interior Africa, South America, and southern Asia in the vicinity of the Himalayas. Differences are greatest in the summer hemisphere, when mean values are larger. The time series of the total column water (Fig. 4) shows ERA-I values to be relatively high prior to 1992 over both land and ocean. Over the ocean, we have compared with independent SSM/I values, which agree quite well with ERA-I prior to 1992 and MERRA values after about 2000. ERA-I ocean values appear to be low after 1992.
The differences between January and July mean vertically integrated moisture transports for the same period, as given by MERRA and ERA-I (Fig. 5) , highlight the low-level moisture transports in monsoon circulations. The main differences between the two products (Fig. 5) are in low latitudes where MERRA has much stronger trade wind transports mainly because of the larger atmospheric moisture amounts (Fig. 3 ). These differences are substantial when compared with expected changes over time. It is then straightforward to compute the divergence of these transports. We also compute the tendency term [see Eq. (1)], but the latter is very small for time averages. The resulting E 2 P field (Fig. 6 ) has similar overall features to those published elsewhere, with major source regions for atmospheric moisture in the subtropical anticyclones, and major sink regions where P . E in the convergence zones and summer monsoon rains. The ocean storm tracks show up clearly. Differences in E 2 P are much more apparent than in the transports, especially in July. Throughout the tropics the differences often exceed 1 mm day
, which can be 20% of the total.
The annual mean E 2 P can be revealing over land where it is negative in nature, as runoff is positive definite, except where there are sources of surface water such as in lakes or inland seas. The annual means for 2002-08 for MERRA and ERA-I from the moisture budget (Fig. 7) show several areas that potentially violate this physical constraint on land. For instance, for the whole of Australia the value for E 2 P is positive (Table 3 given below) for ERA-I but is appropriately negative for MERRA, and spurious positive values occur near all coasts (Fig. 7) . The interior of South America east of the Andes and central Africa, however, are areas with major problems in MERRA, and parts of Africa and South America are also clearly in error in ERA-I although to a lesser extent. The central African problem in MERRA was identified by Bosilovich et al. (2011) as due to an erroneous radiosonde station that was not rejected by the quality control, unlike in ERA-I. Both ERA-I and MERRA monsoon precipitation are also too low in the southern Amazon in January (Fig. 2) . Even in central North America there are positive values in both reanalyses (Fig. 7) , which arise mainly in summer. This could be possible if irrigation and withdrawal of aquifer waters were large, but comparison with GPCP reveals that the summer precipitation is too low in both reanalyses (Fig. 2) . Problems are also evident over India in ERA-I (Fig. 7) , traceable to the precipitation field (Fig. 2) . However, inland seas such as the Caspian and Aral Seas are revealed as important sources of moisture.
b. The global water cycle: Comparisons among reanalyses
By averaging fields separately over land and ocean, a result that depends somewhat on the grid size and the land-sea mask, the net transport of moisture from ocean to land is computed. Care has been taken to ensure the fraction of land and ocean remains the same in different grids. However, for Fig. 8 (given later), values were computed on the native model grid with appropriate area weighting. Some errors arise because of the poorer representation of coastlines and orography in low-resolution reanalyses (especially R1 and R2) and, when coastal ranges are too smoothed, the advection of moisture onshore can be excessive. Because changes in storage of moisture in the atmosphere are small, the estimated average value of E 2 P over the ocean should be the same as P 2 E over land, and the same as the measured transport from ocean to land. Note that the global mean of the divergence field is identically zero. Table 2 provides the annual mean and monthly mean values of the net transport of atmospheric moisture from ocean to land from the moisture budget for the 1990s, expressed as P 2 E over land, for which the ''observed'' annual value is 0.71 mm day 21 , corresponding to 39 3 10 3 km 3 yr
21
. Values greater than this amount occur in the northern winter, with strong contributions from the South American monsoon rains in the Amazon (Fig. 6) . Although precipitation is generally largest in July and August over Northern Hemisphere land, so too is the evapotranspiration, especially in North America (T07). Table 2 also suggests that the reanalyses that are low for the annual mean are biased low year-round.
Time series of E 2 P from model values for the globe and ocean domain and P 2 E for land are given in Fig. 8 along with the computed transport from ocean to land. The latter is fairly stable over time and shows good agreement among the reanalyses that we have examined, although only ERA-I and MERRA are included in the figure. In contrast, the fluctuations in the model-based values are substantial in response to the changes in the observing system, and discrepancies among reanalyses can be huge (Fig. 9) . Only ERA-I seems relatively immune from big changes after 1998, although it is affected by changes in SSM/I data.
The results from all of the available reanalyses for the main atmospheric components of the hydrological cycle are given in Fig. 9 for 2002-08. All P-ocean estimates are high relative to the T07 estimate or GPCP (386); MERRA, R1, and ERA-I values are within 7% while JRA, R2, ERA-40, CFSR, and C20r are clearly excessive. Aside from MERRA, E-ocean from reanalyses are also high when compared with the estimated values from T07, and JRA, R2, CFSR, and C20r are clearly much too high, even allowing for uncertainties or adjustments in observed estimates.
As noted above, the older NCEP reanalyses contain limited moisture information over the ocean and the moisture fields are largely model values. For MERRA, ERA-40, and CFSR (Fig. 9 ), P exceeds E over ocean, a result that cannot be physically correct, highlighting the fact that the moisture for precipitation comes from the analysis increment and is then precipitated out (T07). These models were evidently not capable of holding the observed levels of moisture, and promptly activated FIG. 4 . Time series of (top) global, (middle) ocean, and (bottom) land total column atmospheric water (water vapor, liquid, and ice) (mm) from MERRA (red) and ERA-I (blue).
convective parameterization that gets rid of the excess. This is evidently also true for R2 once the transport onto land is taken into account. Big changes in ERA-I versus ERA-40 are evident.
Transport of moisture onto land from the moisture budget (Fig. 9) is less than E 2 P for the ocean in JRA and R1, suggesting that some precipitation occurs prematurely in the models over the oceans, while MERRA is the same, CFSR is slightly higher, and ERA-I is slightly less than the river discharge estimate.
On land, aside from JRA, which is low, precipitation is generally close to observed values, presumably because this quantity is tuned to match observations to some degree. For CFSR on land the analysis increment evidently supplies some moisture for precipitation as evapotranspiration is slightly low compared with the estimate of 74, while precipitation is unduly high (Fig. 9) . The E is high for MERRA, R1, R2, and C20r on land. As a result, over land P 2 E is generally too low except for C20r, while CFSR is much too high. Hence, there is a rough balance between the onshore transport and land P 2 E, with largest differences for MERRA and CFSR.
There are quite substantial changes for 2002-08 versus the 1990s in P-ocean, for MERRA a 12% increase, but for ERA-I a 4% decrease (Fig. 1) . Evaporation is similar between time periods for both land and ocean although very different for the ocean between the two reanalyses. The P changes have a major adverse effect on E 2 P for MERRA whose value drops to near zero. In contrast, ERA-I values jump after about 1997 owing to a modest decrease in P and an increase in E. Land precipitation increases by 6% for MERRA (see Fig. 1 ) and P 2 E over land is increased by 15% for 2002-08. A slight increase occurs for ERA-I as well. The land values are more stable overall, signifying the more stable observing system over land, where radiosondes control values. The actual transport from ocean to land is much more consistent between the two reanalyses (Fig. 8) although there are increases from the 1990s to 2002-08. Large abrupt jumps occur in JRA and CFSR in the hydrological cycle in late 1998 (not shown) in association with the changes in the observing system from TOVS to ATOVS. For CFSR, the global E 2 P decreases from about 20.2 to 20.4 mm day 21 after October 1998, somewhat comparable to MERRA in Fig. 8 , but also indicating a severe imbalance in the hydrological cycle.
To examine the source of some of the discrepancies in more detail, the contributions of the individual landmasses to the total land moisture budget are briefly explored, and compared with T07 results based on modeling the land runoff and evaporation using a land surface model forced with observed forcings (precipitation, clouds, temperatures, atmospheric moisture, etc). The river discharge was estimated as the residual, instead of using observed river flow in Dai and Trenberth (2002) and Dai et al. (2009) . In the reanalyses in Table 3 , the continents mostly consist of just the contiguous land, except that Tasmania is included in Australia, and Newfoundland is included in North America, but islands to the north of mainland Canada are not included and other islands are also treated separately. In that regard there are some differences with T07 and Dai and Trenberth (2002) , which included Greenland with North America.
One source of bias for the onshore moisture transports is the contribution from Antarctica, which ranges from 1.1 to 2.7 (310 3 km 3 yr
) in the different reanalyses (vs the T07 estimate of 2.6 3 10 3 km 3 yr
), although the higher-resolution ERA-I and MERRA values are 2.1 and 2.4 (310 3 km 3 yr 21 ), respectively (about 0.4 mm day 21 for the whole of Antarctica). The FIG. 6 . The E -P (mm day 21 ) computed from vertically integrated atmospheric moisture budgets in reanalyses from (top) MERRA and (middle) ERA-I, and (bottom) their difference for (left) January and (right) July for 2002-08. Note: the color scale for the bottom panels is half that of the top four; at the right of each panel is the zonal mean.
highest is R1, which results from the unduly smoothed and low topography of Antarctica at T62 resolution.
For the reanalyses, the values from all islands such as New Zealand, Japan, Madagascar, the United Kingdom, and so on amount to 1.0-1.3 (310 3 km 3 yr 21 ). Table 3 lists the reanalyses contributions from Indonesia, Greenland, and Antarctica. The sum of the values are given, and the ;7 3 10 3 km 3 yr 21 contributed by Indonesia, Antarctica, and the islands makes up most of the difference with the total from Fig. 1 given in the last line for T07. Even allowing for the differences in islands included, the values from reanalyses are a bit low for Eurasia, but high for South America. For Australia, ERA-I is actually negative, as was ERA-40, apparently because of excess evaporation. This accounts for some of the deficiency in ERA-I in the global total.
For North America, the runoff values from Dai and Trenberth (2002) were 6.6 3 10 3 km 3 yr 21 as the net climatological flow into the ocean from all rivers plus ungauged areas and including Greenland. The P 2 E is lower for 1989-2001 versus 2002-08 for North America by 0.09 for MERRA and 0.04 for ERA-I. These aspects will be explored in more detail elsewhere.
The E 2 P from divergence of moisture transports is much more stable and seems more reliable than the freshwater fluxes in all reanalyses. While they are all slightly low when compared with the observed estimate based upon river discharge, the values for the 2002-08 are well within uncertainties. Nonetheless, the maps (Fig.  7) reveal several locations where values are in error.
The global energy budget
The various terms in the global mean energy budget have been computed at the TOA and surface, as well as for the atmosphere (Fig. 10) . Large spurious trends occur not only in latent energy fluxes but also in radiation and clouds in MERRA (Bosilovich et al. 2011), and ). A 12-month running mean has been added. To compare units, the area of the globe (0.51), ocean (0.36), and land (0.15) 3 10 15 m 2 must be factored into the units, and the ocean factor applies to the bottom panel.
the differences from Fig. 9 in a different context. The latent heating (LP) is substantially greater than the surface latent energy flux (LE) for MERRA, ERA-40, CFSR, and C20r, which underscores the untenable nature of the precipitation amounts over ocean, while ERA-I has lower values.
The R1 reanalysis suffers from an excessively high surface albedo over the ocean, which makes the reflected solar component too high, the ASR much too low, and the TOA albedo unduly high, resulting in a net TOA deficit of .213 W m 22 for 2002-08. The earlier reanalyses (R1, R2, and JRA) did not include changing atmospheric composition, such as increases in carbon dioxide or aerosols, adversely affecting their energy budgets. Clouds in reanalyses are all seriously in error (Trenberth and Fasullo 2010) . All of the net TOA imbalances are not tenable and all except CFSR imply a cooling of the planet that clearly has not occurred.
Modest differences exist in the prescribed total solar irradiance (Fig. 10) , and low albedo in MERRA and JRA leads to excesses in ASR. Evidently a ''bug'' in the code at ECMWF led to the high values of total solar irradiance for ERA-40 and ERA-I (Dee et al. 2011) . JRA and CFSR also have unduly low reflected amounts for exchanges). Superposed are values from the eight reanalyses for 2002-08 (color coded as given at the top-right of the panel). The exception is for ERA-40, which is for the 1990s. For the water vapor transport from ocean to land, the three estimates given for each are (i) the actual transport estimated from the moisture budget (based on analyzed winds and moisture), (ii) the E -P from the ocean, and (iii) P 2 E from the land, which should be identical.
from clouds and the atmosphere. Absorption in the atmosphere is also low for MERRA and R1, indicating that absorption by aerosols and water vapor is likely deficient. The R2 has a very low surface sensible heat flux and a very high latent heat flux, indicating major problems that have direct consequences for hydrology. OLR is too high in most reanalyses. Most reanalyses are slightly high for surface radiation emissions, which are related to surface temperatures. However, the downwelling longwave radiation at the surface is high for R2, ERA-40, ERA-I, CFSR, and C20r, although there is considerable uncertainty in the observed value. Differences between LE and LP are substantial for MERRA, ERA-40, ERA-I, CFSR, and C20r, again suggesting a considerable contribution from the analysis increment.
The net effect of all these processes and energy flows is the imbalance at the surface, which is unacceptable in all cases. MERRA, C20r, and JRA are out of balance by .10 W m 22 , and JRA is strongly negative and of the wrong sign, while ERA-40, ERA-I, CFSR, and C20r are much too high. The difference between the net TOA radiative fluxes and the surface energy fluxes gives the imbalance within the atmosphere of order 10 (range from 4 to 15) W m 22 , while observed values must be close to zero as the change in storage in the atmosphere on this time scale is small.
Comparison with CCSM4
To complement these water cycle components from reanalyses, we also briefly examine the corresponding ). Above the graphic, values are given for albedo (%), ASR, net TOA radiation, and OLR; the box labeled SFC near the bottom gives the net flux absorbed at the surface. For the 1990s the latter value is 0.6 W m
22
. values for version 4 of the NCAR Community Climate System Model (see online at http://www.cesm.ucar.edu/ models/ccsm4.0/), which is a fully coupled model running freely under estimated forcings for the twentieth century. An advantage of such a model is that it conserves both energy and water substance and thus provides a contrast to the reanalyses and aids interpretation of results. The model has many new features over the previous version and the atmospheric model resolution is 18; see Gent et al. (2011) for a description of the model and recent changes implemented as well as a commentary on its performance. There have been five ensemble members made available at the current time, and the variability among them is very small, 1 3 10 3 km 3 yr 21 in all of the quantities examined. For CCSM4 during the 1990s, P-ocean is 419 6 1 3 10 3 km 3 yr
21
, which is over 8% larger than the observed estimate. The E-ocean is 458 3 10 3 km 3 yr
, which is also larger than observed, while E -P ocean (40 3 10 3 km 3 yr
) is in line with the observed estimate. As the model conserves moisture, this equals the transport from ocean to land and the excess of P 2 E over land. However, E-land is 91 (vs 74) and P-land is 131 (vs 113). Accordingly, the hydrological cycle is more intense for CCSM4 than the real world, although the transport from ocean to land is reasonable. This is consistent with earlier versions of the model in which precipitation was found to occur prematurely and the lifetime of moisture in the atmosphere was too short (Dai and Trenberth 2004) .
Energy constraints provide insight into the source of the anomalously strong hydrologic cycle. Global precipitation in CCSM4 for the 1990s is 2.97 mm day 21 , corresponding to 85.8 W m 22 latent heating of the atmosphere, considerably larger than the 80 W m 22 estimated by Trenberth et al. (2009) . Most terms in the energy budget are remarkably similar to those in Trenberth et al., the exception being the downward surface solar radiation, which is 6 W m 22 higher. The latter arises mainly from a lower absorption of solar radiation in the atmosphere, presumably associated with aerosols (including black carbon) and water vapor. Hence, the extra energy available at the surface in the model has direct consequences for the overall hydrological cycle.
Conclusions
The very nature of the atmospheric reanalyses and their goal of producing time series of the best available analyses, given the observing system, means that they do not conserve quantities that should be conserved from physical principles, and spurious changes occur over time as the observing system changes. While natural variations from year to year are usually large enough that these factors are not very important, it is not always the case, and for decadal climate change or trends the reanalyses have substantial limitations. The reanalyses produce quite good results for precipitation over land but E, P, and E 2 P over the ocean based on the model output are not stable; they mostly disagree and are unreliable, violate basic physical constraints, and probably should only be used after demonstrating their validity.
The low value of P 2 E on land in most reanalyses (except CSFR and C20r) is consistent with past studies, showing that the lifetime of moisture in models is too short and recycling is too large (Trenberth et al. 2003; Ruiz-Barradas and Nigam 2005) so that the contribution from advection is too low. For CSFR, the moisture for precipitation must come from the analysis increment, but the implication is again that the model prematurely precipitates.
In general the precipitation and evaporation over oceans in reanalysis models, and also CCSM4, are too large with the notable exception of MERRA. The CCSM4 result suggests this is partly from excessive surface heating resulting from insufficient energy absorption within the atmosphere: if this is so, then it relates to water vapor and aerosols. However, for reanalysis models, the energy supply is less an issue as the SSTs are specified; hence, the errors relate to excessive evaporation (except in MERRA). Chronically premature precipitation from models (e.g., Trenberth et al. 2003; Dai and Trenberth 2004) provides little reason for faith in the model estimates of P or E, and it is not uncommon for the balance to be between the analysis increment (instead of E) and precipitation in wet areas, or E and the analysis increment in dry regions (e.g., where the soil moisture has been specified incorrectly) as seems likely over Australia, for instance, for ERA-40 (see T07) and also ERA-I.
Previously we found that the atmospheric moisture budget generally provides a better estimate of the hydrological cycle components (Trenberth and Guillemot 1998; T07) ; and this finding still holds with the latest reanalyses. Indeed, E 2 P from the moisture budget is considerably more stable in time and consistent across the reanalyses. Thus, our observational best estimates of the energy and water budgets and components of the hydrological cycle generally provide a key test of the fidelity of both the reanalyses and climate models. The results also inform our knowledge about E 2 P.
